Background-The matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs) are strongly implicated in tumour invasion and metastasis. Aims-To investigate the presence of individual MMPs and TIMPs in gastric cancer. Methods-The presence of MMP-1, MMP-2, MMP-3, MMP-9, TIMP-1, and TIMP-2 was identified in a group of gastric cancers (n=74) by immunohistochemistry using monoclonal antibodies. These antibodies were eVective on formalin fixed, paraYn wax embedded sections. Results-A large proportion (94%) of gastric cancers contained MMP-2; MMP-1 and MMP-9 were also detected in 73% and 70% of tumours respectively. MMP-3 was only present in 27% of tumours. MMP-1 and MMP-9 were found predominantly in intestinal type tumours. TIMP-1 and TIMP-2 were identified in 41% and 57% of tumours respectively. Immunoreactivity for individual MMPs or TIMPs was not identified in normal stomach. Conclusions-This study shows the presence of matrix metalloproteinases, particularly MMP-2, and TIMPs in stomach cancer. Antibodies which are eVective in formalin fixed, paraYn wax embedded sections are useful for the identification of MMPs and TIMPs in diagnostic specimens. (Gut 1998;43:791-797) 
Cancer of the stomach is one of the commonest malignant tumours of the alimentary tract and is characterised by late clinical presentation, rapid progression, and poor survival. 1 The reason for this poor prognosis is that, at the time of diagnosis, stomach cancer usually shows extensive local tumour invasion and frequent spread to metastatic sites, particularly lymph nodes. Spread of malignant tumours is a multistep process and many of the stages of tumour invasion require degradation or breakdown of the extracellular matrix and connective tissue surrounding tumour cells. 2 3 The matrix metalloproteinases (MMPs) are a family of zinc containing enzymes 4 5 which are involved in the degradation of diVerent components of the extracellular matrix, and there is considerable evidence to indicate that individual MMPs have important roles in tumour invasion and tumour spread. [5] [6] [7] [8] [9] The MMPs have been classified into collagenases, gelatinases, and stromelysins based on the in vitro substrate specificity of individual MMPs. 4 10 These MMPs are multidomain proteins and are secreted as inactive precursors which are activated by cleavage of an N terminal propeptide. The gelatinases, particularly MMP-2, seem to be important in initial stages of tumour invasion 11 as they degrade components of the basement membrane, while other MMPs contribute to the later stages of tumour invasion. 5 More recently, several membrane bound MMPs have been identified in tumour cells. They have been designated membrane type MMPs 12 13 and are involved in the activation of MMP-2.
Tissue inhibitors of matrix metalloproteinases (TIMPs) are the major natural inhibitors of MMPs and several diVerent TIMPs (TIMP-1 to TIMP-4) have been identified. [14] [15] [16] [17] The TIMPs are secreted proteins which complex with MMPs and are involved in regulating the activity and activation of individual MMPs. 18 They are a homologous family of proteins containing two domains. The x ray structure of a complex between TIMP-1 and the catalytic domain of MMP-3 has recently been reported. 19 In vitro TIMP-2 has been shown to be capable of inhibiting tumour invasion. 20 In this study we have investigated the presence of MMP-1 (interstitial collagenase), MMP-2 (72 kDa gelatinase), MMP-3 (stromelysin-1), MMP-9 (92 kD gelatinase), TIMP-1, and TIMP-2 in stomach cancer.
Methods

TISSUE
Samples of gastric cancer (n=74) were obtained from gastrectomy specimens from patients (age range 41-87 years, 49 males, 25 females) who had undergone surgery for gastric cancer. All the patients had survived for at least one month following surgery and were followed up for between six and 36 months. The median survival was 16 months (95% confidence interval 13-19 months) . By the end of the follow up period there had been 37 (50%) deaths. The specimens had been submitted to the Department of Pathology, University of Aberdeen, and had been fixed in formalin and embedded in paraYn wax. For this study a single block was selected from each case to include normal and tumour tissue. Histologically all the tumours were adenocarcinomas and there were 47 (64%) intestinal type tumours and 27 (36%) which were classified as diVuse tumours. Lymph node metastases were identified in 48 (65%) cases while 26 (35%) were free of lymph node metastases. TNM staging of the tumours showed that five were stage 1a, 17 stage 1b, 43 stage 2, eight stage 3a, and one stage 4. Poor survival correlated with increasing tumour stage (p=0.03) and the presence of lymph node metastases (p=0.02).
MONOCLONAL ANTIBODIES
Monoclonal antibodies to MMP-1, MMP-2, MMP-3, and MMP-9 were produced using synthetic peptides of length 11-13 residues, corresponding to unique sequences present in MMP-1, MMP-2, MMP-3, or MMP-9. The procedures used for the selection of peptides from the sequences of MMP-2, MMP-3, and MMP-9 were similar to those used to select the peptide for the development of the monoclonal antibody to MMP-1. 21 The development and characterisation of the MMP-2 and MMP-9 monoclonal antibodies has recently been described. 22 The amino acid sequences used were: SSFGFPRTVKH (MMP-1), TSLGLPPDVQRVD (MMP-2), MMP-3 (KSLRKLEPELH), and KLGLGADVAQVT (MMP-9). They corresponded to sequences on external loops in the C terminal domains of the MMPs. The peptides were synthesised at the Krebs Institute, University of SheYeld, Sheffield, and were checked for accuracy of synthesis by amino acid sequence analysis and mass spectrometry in the Protein Facility, University of Aberdeen. The synthetic peptides were conjugated to carrier proteins through an N terminal cysteine residue by m-maleimidobenzoic acid N-hydroxysuccinimide ester (MBS) 23 in the case of MMP-1 and MMP-3, and by glutaraldehyde 24 for MMP-2 and MMP-9, and used as immunogens for the production of monoclonal antibodies as described for MMP-1. 21 The peptides, linked to bovine serum albumin (BSA) by the above methods, were used for initial antibody screening. The BSA conjugates were bound to an enzyme linked immunosorbent asay (ELISA) plate by incubation overnight at 4°C in 50 mM sodium carbonate/bicarbonate buVer, pH 9.6, and the ELISA was performed as described previously. 25 The specificity of the monoclonal antibodies was shown by immunoblotting against purified MMP proenzymes. Individual MMPs (0.4 µg purified protein per lane) were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and then electrophoretically transferred to polyvinylene difluoride (PVDF) membrane. The membrane was then divided into four sections and each section incubated with one of the monoclonal antibodies. Antibody which had reacted with antigen on the membrane was detected using alkaline phosphatase conjugated goat antimouse IgG (Fc specific) with the substrate bromochloro-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT; Sigma, Poole, Dorset).
In order to investigate the reaction of the monoclonal antibodies with the activated forms of the MMPs, the proenzymes were activated in vitro. MMP-1 proenzyme was incubated with trypsin (L-1-tosylamide-2-phenylethyl chloromethyl ketone treated) at a final concentration of 10 µg/ml in the presence of pro-MMP-3 at 0.75 of the molar concentration of pro-MMP-1 for 15 minutes at 37°C. MMP-2 was activated by treatment with 4-aminophenyl mercuric acetate (APMA) at a final concentration of 1 mM for one hour at 37°C. MMP-3 and MMP-9 were activated by incubation with trypsin at a final concentration of 10 µg/ml for 15 minutes and two hours, respectively, at 37°C. In all cases the activation reactions were terminated by boiling in SDS treatment buVer (0.063 M Tris, pH 6.8, 2% SDS, 10% vol/vol glycerol, 5% wt/vol 2-mercaptoethanol). A 0.6 µg aliquot of protein (proenzyme or activated enzyme) was applied per lane prior to analysis by immunoblotting as described previously. Confirmation of activation of MMPs was obtained by determining sequences by Edman degradation following SDS-PAGE and transfer to PVDF membrane, 26 and comparison with established amino acid sequences. 27 
Figure 1 Immunoblot showing the specificity of the MMP-1, MMP-2, MMP-3, and MMP-9 antibodies. The membrane was immunostained with MMP-1 (A), MMP-2 (B), MMP-3 (C), and MMP-9 antibody (D). Lane 1, MMP-1; lane 2, MMP-3; lane 3, MMP-2; lane 4, MMP-9. Molecular weight markers are shown on the right in kDa.
Figure 2 Immunoblots showing the reaction of the MMP-1, MMP-2, MMP-3, and MMP-9 monoclonal antibodies with the proenzyme and activated forms of the corresponding MMPs. The membrane was immunostained with MMP-1 (A), MMP-2 (B), MMP-3 (C), and MMP-9 antibody (D). Lane 1 contained the proenzyme and lane 2 the activated form of the MMP corresponding to the monoclonal antibody used for the immunostaining. Molecular weight markers are shown on the right in kDa.
Monoclonal antibodies to TIMP-1 and TIMP-2 were produced in a similar manner. The peptide sequences were FQALGDAADIR and DSGNDIYGNPI for TIMP-1 and TIMP-2 respectively. The peptides, each 11 residues long, corresponded to sequences specific for each of the TIMPs and were located in the N terminal domains of the TIMPs. Conjugation to carrier protein was by glutaraldehyde. 24 Immunoblotting was performed as for the MMPs using 0.4 µg of TIMP-1 or TIMP-2.
Isotyping of the monoclonal antibodies was performed with an Isostrip kit (Boehringer Mannheim, Lewes, Sussex), used according to the manufacturer's instructions.
IMMUNOHISTOCHEMISTRY
Sections of stomach tumours were immunostained with monoclonal antibodies to MMP-1 (clone 3B6), MMP-2 (clone 4D3), MMP-3 (clone 1B4), MMP-9 (clone 2C3), TIMP-1 (clone 2A5), and TIMP-2 (clone 3A4) using an alkaline phosphatase antialkaline phosphatase technique. 28 Tissue sections were subjected to an antigen retrieval step by microwaving the sections for five minutes (MMP-2), seven minutes (TIMP-1, TIMP-2), or 10 minutes (MMP-1 and MMP-9) in 0.01 M citrate buVer, pH 6.0, before application of the individual MMP or TIMP antibodies. All the primary antibodies were applied as undiluted tissue culture supernatant for 60 minutes at room temperature. The negative control in place of the primary monoclonal antibodies was 0.05 M Tris buVered saline, pH 7.6 (TBS) while the positive control for MMP-1, TIMP-1, and TIMP-2 was colonic adenocarcinoma and for MMP-2, MMP-3, and MMP-9 was lung containing intra-alveolar macrophages. Following incubation with the monoclonal antibodies, sections were sequentially incubated with rabbit antimouse immunoglobulin (1/100, Dako, High Wycombe, UK) and monoclonal alkaline phosphatase antialkaline phosphatase (1/100, Dako). After each antibody application, sections were washed in TBS for two successive five minute periods to remove unbound antibody. Alkaline phosphatase was determined using a substrate solution consisting of BCIP/NBT. After incubating the sections for 30 minutes at room Results are expressed as number (%). Results are expressed as number (%).
temperature, the enzyme reaction was stopped by washing the sections for five minutes in hot tap water. The slides were then air dried and mounted in glycerine jelly. When the immunohistochemistry was complete the sections were examined by light microscopy to determine the cellular localisation and distribution of immunostaining. The intensity of the immunostaining in diVerent cell types was assessed as strongly positive, weakly positive, or absent (negative). A tumour was regarded as positive if any tumour cells showed immunostaining while a tumour was classified as negative if there was a complete absence of immunostaining in tumour cells as previously described. 21 22 The positive tumours were further divided into strongly positive and weakly positive groups and a tumour was regarded as strongly positive if any tumour cells showed strong immunoreactivity.
STATISTICS
Survival data were obtained after the assessment of the presence of MMPs and TIMPs in the stomach cancers was complete. Statistical analysis was performed using the computer program SPSS for Windows 95 (SPSS Inc., USA). Associations between MMPs or TIMPs, and histological type of tumour, lymph node status, or tumour stage were analysed using the 2 test with Yates's correction. Cumulative patient survival was assessed by the method of Kaplan-Meier, and comparison of the MMP strongly positive, MMP weakly positive, and MMP negative survival curves was carried out using the log rank test as previously described.
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Results
MATRIX METALLOPROTEINASES
The immunoblots showed that the anti-MMP antibodies were specific for the appropriate MMP and did not cross react with other MMPs (fig 1) . The antibodies recognised both the proenzyme and activated forms of the MMPs (fig 2) . N terminal sequence analysis of the band at around 47 kDa in the MMP-1 proenzyme lane indicated that it is a truncated form of the proenzyme lacking the first 64 residues and starting with Leu65. On treatment with trypsin and MMP-3, it is converted, like the intact proenzyme, to the activated form. The upper band in the activated MMP-2 lane is due to some residual unactivated proenzyme. The doublets evident in both the proenzyme and activated MMP-3 lanes can be explained by partial glycosylation as both components of the doublets had the same N termini. All the antibodies had an isotype of IgG1 .
Immunohistochemistry of the sections of stomach cancer with the monoclonal antibodies to MMP-1, MMP-2, MMP-3, and MMP-9 showed cytoplasmic staining of tumour cells and there was no staining of normal gastric epithelium (fig 3) . The staining for each MMP seemed to be uniform in all tumour cells with no apparent intratumour heterogeneity. Tables  1 and 2 
Figure 5 Immunohistochemical localisation of (A) TIMP-1 and (B) TIMP-2 in gastric cancers of intestinal type. TIMP-1 and TIMP-2 immunoreactivity is present in tumour cells (arrows). Immunostaining for TIMP-1 is also present in macrophages (arrowhead) and immunostaining for TIMP-2 is also present in fibroblasts (arrowhead) (original magnification ×120).
(30/74) showing weak staining. TIMP-1 immunoreactivity was also identified in macrophages while TIMP-2 immunoreactivity was present in fibroblasts. The presence of TIMP-1 and TIMP-2 did not correlate significantly with each other. The presence of TIMP-1 correlated with that of MMP-9 (p=0.04). There were no correlations between the presence of TIMPs and tumour stage, histological type, lymph node status, or survival.
Discussion
The MMP and TIMP antibodies used in this study were raised using synthetic peptides corresponding to unique regions of each molecule. Because of the position of the epitopes recognised by the MMP antibodies on the C terminal domain of the individual MMPs the antibodies recognise both the latent and activated form of the individual MMP. In addition, these epitopes are remote from the active site which is involved with the interaction of MMPs with TIMPs, 19 thus making it likely that binding of the MMP antibodies will not be inhibited by the interaction of TIMP with the MMP. The antibodies did not show any cross reaction and were all eVective on formalin fixed, paraYn wax embedded sections which makes them very useful in diagnostic pathology.
In this study, MMP-1, MMP-2, MMP-3, and MMP-9, and their natural inhibitors TIMP-1 and TIMP-2 were examined in a series of 74 gastric cancers, most of which were advanced gastric cancers typical of those commonly found in the UK. The predominant tumour cell localisation of MMPs and TIMPs is consistent with other immunohistochemical studies of individual MMPs, especially MMP-2, and TIMPs in diVerent types of malignant tumour. 7 29-32 MMP-2 is considered to be important in tumour invasion, especially degradation of the basement membrane, 11 and MMP-2 is frequently found in many types of malignant tumours. 11 In the present study, MMP-2 was consistently localised to tumour cells and was not identified in adjacent normal gastric epithelium. The presence of MMP-2 in almost all the gastric cancers would support the importance of MMP-2 in tumour invasion and the expression of MMP-2 has been shown to be important in promoting invasion of gastric cancer cells in culture. 33 In a recent study of stomach cancer in Dutch patients 34 total MMP-2 concentration, which had been identified by gel zymography, was increased in cancer tissue compared with normal tissue and was associated with a relatively poor prognosis. Gel zymography, however, cannot provide information about the cellular localisation of MMPs. It also requires fresh tissue and is thus not practical for routine assessment of MMPs in diagnostic practice.
Our previous study has shown that MMP-1 is localised to tumour cells of colon 21 and the presence of MMP-1 in these tumours is associated with poor prognosis: we have recently found essentially similar results with oesophageal tumours. 22 However, we did not find an association between MMP-1 and survival in stomach cancer and further studies are required to establish the role of MMP-1 in tumour invasion and its relation to prognosis.
TIMP-1 and TIMP-2 were identified in 41% and 57% of tumours respectively and in both cases the TIMPs were confined in most instances to tumour cells. TIMP-2 is the natural inhibitor usually associated with MMP-2 while TIMP-1 is a more general inhibitor of the MMP family. TIMP-1 mRNA has previously been identified by reverse transcription polymerase chain reaction in five diVerent cell lines derived from gastric cancers. 33 Furthermore transfection of the complete human TIMP-1 cDNA into human gastric cancer cells notably decreased the formation of liver metastases of these cells when transplanted into nude mice. 35 Low molecular weight broad spectrum inhibitors of MMPs [36] [37] [38] are currently being developed for clinical use and it is important to identify those patients who are most likely to benefit from this type of therapy. Other strategies for the inhibition of individual MMPs are also under development including the use of ribozymes.
